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Abstract  45 
Cervical vestibular evoked myogenic potentials (cVEMPs) recorded over the lower quarter of 46 
the sternocleidomastoid (SCM) muscle in normal subjects may have opposite polarity to those 47 
recorded over the midpoint. It has thus been suggested that vestibular projections to the lower 48 
part of SCM might be excitatory rather than inhibitory. We therefore tested the hypothesis 49 
that the SCM muscle receives both inhibitory and excitatory vestibular inputs. We recorded 50 
cVEMPs in 10 normal subjects with surface electrodes placed at multiple sites along the 51 
anterior (sternal) component of the SCM muscle. We compared several reference sites: 52 
sternum, ipsilateral and contralateral earlobes and contralateral wrist. In five subjects, single 53 
motor unit responses were recorded at the upper, middle and lower parts of the SCM muscle 54 
using concentric needle electrodes. The surface cVEMP had the typical positive-negative 55 
polarity at midpoint of the SCM muscle. In all subjects, as the recording electrode was moved 56 
toward each insertion point, p13 amplitude became smaller and p13 latency increased, then 57 
the polarity inverted to a negative-positive waveform (n1-p1). Changing the reference site did 58 
not affect reflex polarity. There was a significant short-latency change in activity in 61/63 59 
single motor units and in each case this was a decrease or gap in firing, indicating an 60 
inhibitory reflex. Single motor unit recordings showed that the reflex was inhibitory along the 61 
entire SCM muscle. The cVEMP surface waveform inversion near the mastoid and sternal 62 
insertion points likely reflects volume conduction of the potential occurring with increasing 63 
distance from the motor point.   64 
65 
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Introduction 66 
Vestibular evoked myogenic potentials (VEMPs) are muscle reflexes elicited by 67 
activation of the vestibular system with short bursts of sound, vibration or galvanic 68 
stimulation.  They are most commonly recorded in the sternocleidomastoid (SCM) neck 69 
muscles in response to stimulation of the ipsilateral ear with loud air-conducted (AC) clicks or 70 
tone bursts (cervical VEMPs, or cVEMPs) (4).  The cVEMP is recorded using an active 71 
surface electrode placed over the middle of the SCM muscle belly, near the motor point, and a 72 
reference over the medial clavicle.  Under these stimulation and recording conditions the 73 
cVEMP consists of a short-latency, biphasic positive-negative potential with peak latencies of 74 
approximately 13 and 23 ms (i.e. p13-n23).   75 
The p13-n23 surface potential has been shown to result from a brief inhibition of the 76 
SCM muscle.  Colebatch and Rothwell (5) recorded the responses of single motor units in 77 
SCM muscles in normal volunteers and found that the surface cVEMP to ipsilateral AC click 78 
stimulation was produced by a brief decrease or gap in motor unit firing.  This inhibitory 79 
effect is thought to originate predominantly from irregularly-firing otolith afferents (6).  80 
Afferents from all vestibular organs respond to sound stimulation, but those with the lowest 81 
thresholds are found in the saccule, followed by the utricle (23, 24).  All vestibular organs 82 
appear to have inhibitory projections to the ipsilateral SCM muscle, while the utricle and 83 
semicircular canals have additional excitatory projections to the contralateral SCM (18).  As 84 
contralateral responses are rarely seen in normal subjects, the cVEMP is considered to be an 85 
oligosynaptic inhibitory reflex originating predominantly in the ipsilateral saccule. 86 
A recent study in healthy human subjects by Wei et al. (20) made the interesting 87 
observation that cVEMPs recorded from the lower quarter of the SCM muscle have opposite 88 
polarity to those recorded over the midpoint and upper quarter of the muscle.  The inverted 89 
reflexes were smaller than those recorded over the muscle midpoint, but showed the same 90 
stimulus frequency preference.  Previous studies have similarly recorded cVEMPs from near 91 
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the insertion points of the SCM muscle, but have not shown clear polarity inversions.  92 
Sheykholeslami et al. (16) recorded from sites close to the mandibular angle and the sternal 93 
and clavicular SCM muscle origins and reported regular p13-n23 responses in all cases except 94 
5 subjects at the sternal muscle head.  However, they did not specifically report a polarity 95 
inversion.  Colebatch (3) recorded at multiple locations along and beside the SCM muscle 96 
using two different reference sites, and found a polarity inversion for the electrodes close to 97 
the sternal insertion point, but only when the reference was over the C7 spinal process.  It was 98 
thought that this might have been caused by interference from the ‘inion response’ (2), which 99 
originates in the posterior neck muscles and might contaminate the C7 reference (3).   100 
Based on their data, Wei et al. (20) suggested that the vestibular projections to SCM 101 
may not be uniform across the length of the muscle and that the projection to the lower part of 102 
SCM might be excitatory rather than inhibitory.  Some animal species show 103 
compartmentalization of long muscles with multiple innervation zones (e.g. 22), however the 104 
purpose of compartmentalization is thought to be to make propagation of a single signal more 105 
efficient.  Wei et al. (20) alternatively hypothesised that volume conduction of the motor unit 106 
action potentials could lead to a polarity inversion near the muscle-tendon junction. 107 
We aimed to further investigate the polarity inversion of the cVEMP and test the 108 
hypothesis that the SCM muscle receives both excitatory and inhibitory vestibular inputs.  We 109 
recorded cVEMPs with surface electrodes placed at multiple sites along the anterior 110 
component of the SCM muscle and compared several reference sites: the sternum, ipsilateral 111 
and contralateral earlobes and contralateral wrist.  In a subset of five subjects, single motor 112 
unit responses were recorded at the upper, middle and lower parts of the SCM muscle using 113 
concentric needle electrodes.  Single motor unit recordings were performed since they provide 114 
unequivocal information about the polarity of the reflex at the recording location, while 115 
surface potentials are affected by electrode placement relative to underlying muscle structures, 116 
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such as the motor point and tendons.  We also measured the SCM sternal tendon with 117 
ultrasound to relate the surface cVEMP changes to the muscle structure.  118 
 119 
Materials and Methods 120 
Subjects   121 
Twelve normal volunteers with no history of conductive hearing loss or vestibular or 122 
neurological disease participated (6 females, 6 males; age range 24-66 years).  Participants 123 
were staff and research associates of Royal Prince Alfred Hospital, Sydney, and all gave 124 
written informed consent according to the Declaration of Helsinki.  The study was approved 125 
by the local ethics committee (X13-0270 & HREC/13/RPAH/354).     126 
 127 
Vestibular stimulation 128 
The stimulus was a 500 Hz burst of 2 ms duration (0 ms rise/fall) delivered with 129 
calibrated headphones (TDH 39, Telephonics Corp., Farmingdale, USA) and custom 130 
amplifier at 130-136 dB peak SPL (102 to 108 dB LAeq).  The stimuli were generated with 131 
Signal software using a laboratory interface (micro1401, Cambridge Electronic Design (CED)) 132 
and delivered at a rate of 5 Hz.  For the surface-only recordings 200 stimuli were delivered, 133 
while for the single motor unit recordings there were usually 1200 stimuli, ranging up to 1500.   134 
 135 
Surface cVEMP recordings 136 
Surface recordings were made in ten of the subjects to track the changes in cVEMP 137 
with different electrode positions along the muscle and to test the effect of different reference 138 
electrode positions (6 females, 4 males; age range 24-66 years).  We first measured the length 139 
of the sternomastoid muscle from its origin at the mastoid (measured from a point directly 140 
posterior to the external auditory meatus) to the insertion at the sternum and marked the 25, 141 
50 and 75% points along the muscle to use as guide points.  During the SCM measurement 142 
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subjects were seated and turned their heads slightly away from the measured side, while 143 
during testing they reclined supine and lifted and turned their heads by the same degree.  144 
Using a sternal reference, to replicate the montage used by Wei et al. (20), we recorded 145 
cVEMPs with an active electrode placed at the midpoint.  We then moved the active electrode 146 
to either the 25% or the 75% mark (in counterbalanced order) and systematically tested at, 147 
above and below these guide points in 1 cm increments to determine whether the surface 148 
response changed polarity and at which point this occurred.  A different number of recordings 149 
was performed in each subject to enable efficient identification of the reflex inversion point 150 
(median 10, range 6-16).  At the upper and lower parts of the muscle we marked the positions 151 
where the cVEMP polarity was clearly inverted. We then systematically compared the 152 
cVEMPs recorded at these positions and the midpoint using three additional reference 153 
electrode sites: the contralateral wrist, contralateral earlobe and ipsilateral earlobe.   154 
EMG activity was recorded with the same micro1401 data acquisition interface and 155 
Signal software as described above and 1902 amplifiers (mk4, CED).  For the surface-only 156 
recordings, data were amplified and sampled at 10 kHz from 20 ms before to 80 ms after 157 
stimulus onset.  Filter settings were (5 Hz to 2 kHz).  For the combined surface-single unit 158 
recordings data were sampled at 50 kHz in continuous frames of 200 ms (from 100 ms before 159 
to 100 ms following stimulus onset) and filter settings were 5 Hz to 10 kHz.  Negative 160 
potentials at the active electrodes were displayed as upward deflections. 161 
 162 
Single motor unit recordings 163 
Single motor unit recordings were performed in a separate session in a subset of 5 of 164 
the above subjects (2 females, 3 males, 37-66 yrs of age).  We recorded motor units at 3 sites 165 
along the sternomastoid muscle: in the middle of the muscle belly and as close as possible to 166 
the tendons at the mastoid and sternal head.  We measured the muscle as above and again 167 
marked the 25, 50 and 75% points.  We made multiple recordings near each of these sites in 168 
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each subject.  For the 25 and 75% points, the needle was inserted as close to the tendon as 169 
possible, determined by palpating the muscle, and so did not always strictly follow the 170 
markers.  Recordings were made in either the left (2 subjects) or right (3 subjects) SCM 171 
according to subject preference or side of better response and were always ipsilateral to the 172 
stimulated ear.  In one subject, in a separate session, additional recordings were made very 173 
close to the sternal head of SCM to test the polarity of the response at a more extreme distal 174 
part of the muscle.  The needle was inserted laterally, behind the more superficial tendinous 175 
part of the muscle, 16 cm below the mastoid in the right SCM (3 cm above the clavicle, 85% 176 
of the total muscle length).  This site was below the site of cVEMP inversion for this subject, 177 
which was at 14.5 cm below the mastoid. 178 
We used ultra thin (0.3 mm diameter, 30G) disposable concentric needles (Neuroline, 179 
Ambu A/S) to record single motor units.  After preparing the skin with 70% isopropyl alcohol, 180 
a needle electrode was inserted and held in position with tape during each recording.  Subjects 181 
sat upright, turned their head slightly away from the recorded side and produced a weak 182 
contraction of the SCM by pushing gently against their chin with their hand.  Audio and 183 
visual feedback was provided to help subjects maintain constant activation of one or more 184 
motor units.  Surface potentials were recorded simultaneously using an active electrode 185 
placed near the needle electrode, a reference electrode on the sternum and an earth on the 186 
lateral clavicle.  EMG activity was recorded as described above. 187 
 188 
Comparison with electrically-evoked compound muscle action potential  189 
 In five of the subjects (2 females, 3 males, 24-60 yrs of age), we recorded electrically-190 
evoked compound muscle action potentials (CMAPs) in SCM to investigate whether this 191 
reflex also inverted with changing electrode position.  We stimulated with approximately 100 192 
pulses of 4-7 mA and 0.1 ms duration using a ball electrode applied close to the motor point 193 
near the midpoint of the right SCM muscle.  The stimulus was applied either to the motor 194 
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point directly or slightly posterior to the muscle, over the portion of accessory nerve 195 
innervating the anterior component of SCM selectively.  A custom artefact eliminator was 196 
used from 0.5 ms before to 1.5-2 ms after stimulus onset to minimise stimulus artefact.  We 197 
recorded the CMAP from active electrodes placed slightly below the midpoint of the muscle 198 
(at a location where the cVEMP had the usual polarity, but allowing some space between the 199 
stimulating and recording electrodes) and near the sternal insertion point (at a location where 200 
the cVEMP was reliably inverted in each subject). The recording sites near the muscle 201 
midpoint were 11-14 cm below the mastoid marker (i.e. 1.5-4 cm below the midpoint of the 202 
muscle [9.5-10 cm]) and those near the sternal insertion were 16-18.5 cm below the mastoid 203 
marker (1.5-4 cm from the bottom of the muscle).  The reference electrode was on the 204 
sternum.  In each case the CMAP was compared to the cVEMP evoked by AC sound using 205 
the same electrodes in the same session.   206 
 207 
Sonography of SCM muscle 208 
Sonographic examination of the SCM muscle and sternal tendon was performed in a 209 
different subset of 5 subjects in a separate session to compare the location of the muscle-210 
tendon junction with the surface response inversion point (3 females, 2 males, 24-54 yrs of 211 
age).  Testing was performed by a neurologist experienced in ultrasonography (AB) using a 212 
high resolution 10-18 MHz linear probe (MyLabOne, Esaote, Italy).  Subjects reclined in the 213 
supine position and rotated the head away from the SCM of interest to expose the muscle.  214 
We examined the same SCM as used above to map the surface responses and focused on the 215 
lower half of the muscle.  The muscle was viewed in both longitudinal and transverse planes.  216 
Under ultrasound guidance the origin, position and length of the lower SCM tendon were 217 
measured and compared to the same markers on the skin as used above. 218 
 219 
 220 
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Data analysis 221 
For the surface recordings, we measured cVEMPs at 5 locations: at the midpoint of 222 
the SCM, at the last measurement points before the response inverted polarity (for both the 223 
upper and lower parts of the muscle) and at the first measurement points at which the cVEMP 224 
was inverted.  Latencies and amplitudes were measured at the response peaks.  Latencies were 225 
adjusted to correct for a 0.5 ms delay in the recording system.  Amplitudes were measured 226 
peak-to-peak (pp, either p13-n23 or n1-p1) and expressed in raw units (μV) or as a ratio of the 227 
background contraction (14).  The strength of the background SCM contraction was measured 228 
over the 20 ms pre-stimulus interval after full-wave rectifying and then averaging the EMG 229 
from each frame (‘mean rectified EMG’).   230 
Our procedure for single motor unit analysis has been described in detail previously 231 
(15, 19).  Motor unit spikes from single units were identified using a threshold level and 232 
clustered with custom software (Matlab, The MathWorks Inc.) based on an automatic 233 
algorithm using wavelets and super-paramagnetic clustering (13).  In some trials a single unit 234 
was recorded, while in others there were multiple units, from which single units were 235 
extracted using the sorting algorithm.  Peri-stimulus time histograms consisting of 200 bins of 236 
1 ms width and centered at whole numbers were constructed for each unit.  The cluster 237 
software was set to maximise specificity rather than sensitivity and the accuracy of the 238 
software was confirmed for each motor unit by visual comparison of the selected spikes with 239 
the raw data.  The minimum number of spikes in a histogram was set to 800 to ensure that 240 
each histogram had sufficient data to detect a decrease in activity.  Based on the spike count 241 
measured over the 100 ms pre-stimulus period the 2.5 and 97.5 quantiles were determined and 242 
used as threshold levels.  Local maxima and minima were accepted if they exceeded these 243 
limits and occurred after the first 8 post-stimulus bins.  The amplitude of each significant 244 
change in firing was expressed as a proportion of the median baseline spike count.  245 
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We reported medians and ranges (i.e. minimum and maximum values), except in 246 
Figure 2, in which interquartile range is shown.  We used non-parametric statistics due to the 247 
small number of subjects tested.  Comparisons across recording or reference electrode 248 
positions were made with Friedman’s ANOVA by ranks for related samples, and post-hoc 249 
comparisons were performed using the Wilcoxon signed ranks test.  For single unit responses, 250 
latencies and amplitudes were first averaged for each subject as there were multiple 251 
observations made at each recording site.  The significance level was α = 0.05.    252 
 253 
Results 254 
Surface cVEMP recordings 255 
Tracking the cVEMP along the SCM muscle 256 
The cVEMP had the typical positive-negative polarity in each subject when recorded 257 
from the midpoint of the SCM muscle.  As the recording electrode was moved toward each 258 
insertion point, the p13 initially became smaller and the p13 latency increased, then the 259 
polarity inverted to a negative-positive waveform (n1-p1).  This pattern of responses was seen 260 
in all subjects and a representative example is shown in Figure 1.   261 
The SCM muscles were between 16 and 22 cm in length, with a median length of 20 262 
cm.  The cVEMP inversion occurred between two adjacent recording sites (1 cm apart) in 263 
6/10 and 2/10 subjects for the upper and lower muscles, respectively (e.g. Figure 1, electrodes 264 
1 and 2).  In these cases the inversion point was taken as the midpoint of these electrodes.  In 265 
the remaining cases there was at least one intermediate stage at which the reflex was not as 266 
well formed and it was not as clear whether the initial peak was a late positivity or an early 267 
negativity (Figure 1, electrode 6).  In these cases the intermediate stage (or the midpoint of 2 268 
intermediate stages) was taken as the inversion point.  The median point of inversion of the 269 
reflex at the upper part of the muscle was 20% of the mastoid-sternum distance (range 15-270 
30%, equivalent to a median of 4 cm, range 3-6 cm).  At the lower part of the muscle, the 271 
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polarity inverted at a median of 76% of this distance (65-85%, 15.1 cm, or 24% from the 272 
insertion at the sternum [median 4.1 cm, range 3-7 cm]).   273 
cVEMP peaks were measured at 5 locations: in the middle of the muscle (median 10 274 
cm, range 8-11 cm), at the last recording site before the inversion where the reflex still clearly 275 
had the usual polarity (median for upper muscle 5 cm [range 3.5-7 cm], lower muscle 13.6 cm 276 
[range 11-17.5 cm]), and at the first location in which the response was clearly inverted 277 
(median for upper muscle 3 cm [range 2.5-5 cm], lower muscle 16.1 cm [range 13-18.5 cm]).  278 
Amplitude and latency values for the main recording sites are shown in Table 1 and Figure 2.  279 
Across these 5 recording sites, there were significant effects of electrode position on nearly all 280 
cVEMP components: peak 1 (p13 or n1) latency, peak 2 (n23 or p1) latency, peak 1 amplitude, 281 
pp amplitude and mean rectified EMG level (Fr(4) = 11.8-26.4, P = 0.000-0.019).  The 282 
remaining effects, on peak 2 amplitude and the ratio measure of amplitude, showed only 283 
trends towards significance (peak 2 amplitude Fr(4) = 9.2, P = 0.056; ratio Fr(4) = 8.7, P = 284 
0.069).   285 
The p13 latency tended to increase at the last normal recording site, by approximately 286 
3.5 ms at the upper muscle (range 0.4-8.2 ms, Z = -1.9, P = 0.059) and 5 ms at the lower 287 
muscle (range 1.6-8.2 ms, Z = 2.2, P = 0.028), but the n1 of the inverted response was not 288 
significantly different from the p13 latency at the middle of the muscle.  In contrast, the 289 
increase in latency for the n23 at the last normal site was not as marked or significant (1.2 ms 290 
at the upper muscle, range -0.7-6.6 ms, Z = -1.02, P = 0.308, and 2.8 ms at the lower muscle, 291 
range -3-7.2 ms, Z = 1.89, P = 0.059), but the p1 of the inverted response was significantly 292 
earlier than the n23 latency at the middle of the muscle (by 3.5 ms at the upper muscle, range 293 
-0.6-9.6 ms, Z = 2.7, P = 0.007, and 2.6 ms at the lower muscle (range -1.9-8.3 ms, Z = -2.5, P 294 
= 0.013)). 295 
The p13 amplitude at the middle of the muscle was significantly larger than all other 296 
sites except the last normal site for the upper muscle (Z = 2.7-2.8, P = 0.005-0.007).  The 297 
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inverted cVEMPs were similar in size to the last normal cVEMP recorded before the point of 298 
inversion.  Likewise, the pp amplitude was clearly largest at the middle site and nearly twice 299 
the size of responses recorded at all other sites (Z = 2.0-2.7, P = 0.007-0.047), which were not 300 
different from each other.  The rectified EMG was also largest when measured from the 301 
middle of the muscle (Z = 2.1-2.8, P = 0.005-0.037 compared to all other sites).  A similar 302 
pattern was seen for the median values for peak 2 amplitudes and ratios, but as the primary 303 
analyses did not reach significance they were not analysed further.  304 
   305 
Reference comparison 306 
 307 
Three of the five active cVEMP recording sites described above were compared across 308 
four references sites: the sternum (original reference), the ipsilateral and contralateral earlobes 309 
and the contralateral wrist.  The active electrode sites were the middle of the muscle and the 310 
two locations at which the response was clearly inverted.  The results are shown in Table 2 311 
and Figure 3.  Changing the reference site did not systematically affect the polarity of the 312 
reflexes.  However, in one subject with small cVEMPs the reflex was abolished at the upper 313 
SCM recording site with the contralateral earlobe reference and at the lower site with the 314 
contralateral wrist reference.  In two further subjects, the reflex at the upper recording site was 315 
no longer clearly inverted with the contralateral wrist reference (for one subject) and the 316 
ipsilateral earlobe reference (for the other).   317 
There were no significant effects of reference site on the latency of the response peaks, 318 
except for peak 1 at the lower SCM recording site (Fr(3) = 10.9, P = 0.012), where the n1 319 
peaks recorded with the contralateral wrist (12.2 ms) and contralateral earlobe references 320 
(13.6 ms) were significantly different from each other (Z = -2.8, P = 0.005).  In contrast, 321 
changing the reference had an effect on most measures of cVEMP amplitude, though the 322 
effects reached significance only for the middle and upper recording sites.  Only those from 323 
the middle recording site are described, as they were the largest.  There were significant 324 
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effects on all four measures of amplitude (p13 amplitude Fr(3) = 8, P = 0.045; n23 amplitude 325 
Fr(3) = 11.2, P = 0.011; pp amplitude Fr(3) = 12, P = 0.007 and ratio Fr(3) = 18.5, P < 0.001).  In 326 
all cases the contralateral wrist reference reduced the size of the cVEMP compared to the 327 
original sternum reference (Z = 2.0-2.7, P = 0.007-0.041), while there were no significant 328 
amplitude differences between the sternum and earlobe references.  In addition, the 329 
contralateral earlobe reference produced larger responses than both the ipsilateral earlobe 330 
reference (Z = 2.1-2.8, P = 0.005-0.037) and the contralateral wrist reference (Z = 2.3-2.8, P = 331 
0.005-0.022).  There were no significant differences in background contraction between the 332 
reference sites (Fr(3) = 0.36, P = 0.948). 333 
 334 
 335 
Single motor unit recordings 336 
We recorded a total of 63 single motor units across the three muscle sites.  There was a 337 
significant short-latency change in activity in 61 of these units and in each case this was a 338 
decrease or gap in firing.  We did not find any significant increases of single motor unit 339 
activity at any recording site.  Table 3 summarises the single motor unit data and 340 
representative responses are shown in Figure 4. 341 
In one volunteer there were two units recorded from the middle electrode site which 342 
did not respond to the vestibular stimulus, despite the presence of a surface response.  Among 343 
all subjects, there were 10 single units that showed a brief change in activity before a stronger 344 
response, however these false-positive results were equally distributed across both polarities 345 
and all electrode sites and were not considered further (decreases in activity: 5 cases, all 346 
muscle sites; increases in activity: 5 cases, upper and middle muscle sites).  347 
 The decrease in single motor unit activity tended to occur earlier at the middle 348 
electrode site (12 ms compared to 15 ms at the upper and lower sites), but this was not 349 
significant (Fr(2) = 4.8, P = 0.091).  There were also no significant differences in the size of the 350 
decrease in firing between electrode sites (Fr(2) = 3.3, P = 0.196), however firing was 351 
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completely abolished in 61% and 65% of units recorded from the middle and lower recording 352 
sites, but only 33% of upper recording sites.  353 
 Additional recordings made in one subject at a more distal part of the muscle (3 cm 354 
above the clavicle) produced 7 single motor units.  In each case there was a significant early 355 
gap in firing at a median of 14 ms (13-16 ms).   356 
 357 
Comparison of cVEMP and electrically-evoked CMAP 358 
 Compound muscle action potentials evoked by electrical stimulation of the muscle 359 
were recorded from both the middle and lower electrode sites in all five subjects (Figure 5).  360 
The response recorded close to the midpoint of the muscle always had the typical negative-361 
positive polarity, with peaks at 6.2 ms (range 3.4-8.2 ms) and 15 ms (range 11-25.4 ms).  362 
Median amplitudes were 965 μV peak-to-peak (range 60-1223 μV).  In contrast, the response 363 
recorded over the lower part of the muscle near the sternal insertion point had inverted 364 
(positive-negative) polarity, with peaks at 7.8 ms (range 6.6-11.4 ms) and 13.2 ms (range 11-365 
20.4 ms) and amplitude 646 μV (range 10-925 μV).  In each subject, cVEMPs recorded at the 366 
same sites had the expected positive-negative polarity near the midpoint and inverted polarity 367 
over the lower part of the muscle, as described above.  cVEMP amplitudes and latencies near 368 
the middle of the muscle were 99 μV (range 82-196 μV ), 14.8 ms (range 13.8-18.4 ms) and 369 
22.4 ms (range 21.4-28.4 ms), slightly later than those reported above, as the electrodes were 370 
positioned several cm below the midpoint to minimize stimulus artefact.  Corresponding 371 
values near the sternal insertion were 101 μV (range 54-151 μV), 13.0 ms (range 11.8-14 ms) 372 
and 20.8 ms (range 17.8 ms). 373 
 374 
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SCM tendon measurement 375 
Sonographic measurement in 5 volunteers revealed that the sternal tendon of SCM 376 
began just below the midpoint of the muscle, at approximately 60% of the total muscle-377 
tendon length (range 47-68%), measured as described above.  The tendon began deep within 378 
the muscle and gradually became superficial as it was tracked downwards toward the 379 
insertion point (Figure 6).  The point at which the tendon reached the muscle surface was 71% 380 
of the total muscle-tendon length (range 63-74%).  Muscle was typically seen below the 381 
tendon as far down towards the insertion point behind the medial clavicle as could be viewed.  382 
A measure of the total tendon length was not possible using this method as the portion of 383 
tendon beneath the clavicle could not be viewed in the same plane as that above the clavicle.  384 
The median cVEMP inversion point in these subjects was 74% of the total length (range 65-385 
85%).  This placed the inversion point below the tendon origin in all subjects and below the 386 
point at which the tendon became superficial in 3/5 subjects. In the remaining 2 subjects, the 387 
inversion point was at or (4%) above the point where the tendon reached the surface 388 
(probably within the measurement error of the technique).  389 
   390 
Discussion 391 
We investigated the polarity of the cVEMP in normal subjects and found that in each 392 
subject there were systematic changes in the reflex as the recording electrode was moved 393 
away from the SCM muscle belly and toward the insertion points.  With growing distance 394 
from the motor point, cVEMP latencies became increasingly prolonged and eventually the 395 
reflex inverted and began with a negativity instead of the usual p13 positivity.  This occurred 396 
at both the upper part of the muscle near the mastoid process and at the lower anterior part of 397 
the muscle near the sternal insertion point.  In contrast, when we recorded the activity of 398 
underlying single motor units from the upper, middle and lower parts of the muscle, we found 399 
a decrease, or inhibition, of firing at each recording site in all 5 subjects.  We did not record 400 
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any significant increases in firing.  The results suggest that the reflex has constant polarity 401 
along the entire sternomastoid muscle and do not support Wei et al.’s (20) hypothesis of 402 
contrasting vestibular projections to different parts of the muscle.  403 
Using surface recordings, we reproduced Wei et al.’s (20) finding that the cVEMP is 404 
inverted when recorded over the lower part of the SCM.  However, we additionally found a 405 
similar polarity inversion at the upper part of the muscle, while Wei et al. (20) recorded 406 
responses with the usual polarity.  This might have been due to small differences in measuring 407 
the SCM muscle length between the studies and the fact that Wei et al. (20) recorded at only 408 
three fixed locations.  In the current study we tracked the potentials along the whole muscle 409 
and likely recorded closer to the insertion points at both ends.  Previous data has suggested 410 
that the motor point is closer to the mastoid SCM insertion point, i.e. at 56-69% of the 411 
sternoclavicular-mastoid process distance (3).  This could mean that the upper electrodes in 412 
Wei et al. (20) were closer to the motor point than those over the lower muscle quarter.  Apart 413 
from the differences in reflex polarity, the data reported by Wei et al. (20) are consistent with 414 
those reported here.  The inverted VEMPs at the lower recording sites in both studies had 415 
peak latencies similar to or earlier than those in the muscle middle.  The latency of the non-416 
inverted cVEMP at the upper site in Wei et al. (20) was later than that in the muscle middle, 417 
suggesting that this recording site was just below the reflex inversion point.  418 
In the current study, we showed that the reflex inversion in the SCM muscle also 419 
applied to the compound muscle action potential evoked by direct electrical stimulation of the 420 
muscle and is therefore not specific to the cVEMP or vestibular-dependent reflexes.  Our data 421 
additionally showed that the polarity inversion of the cVEMP was unrelated to the position of 422 
the reference electrode.  Using the sternum reference, the pattern of amplitude, latency and 423 
polarity changes was the same for both the upper and lower parts of the muscle, despite the 424 
fact that the upper recording electrode was always further from the reference.  Similar to Wei 425 
et al. (20), who compared a sternum and wrist reference, we used 3 reference sites in addition 426 
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to the original sternal reference and found that, although there were systematic differences in 427 
the size of the cVEMP, the polarity of the reflex remained constant.  The polarity inversion is 428 
instead likely to be caused by changing the position of the active recording electrode.   429 
Previous studies have shown that polarity inversions of the compound muscle action 430 
potential can occur when the recording electrodes are placed close to the muscle tendons (e.g. 431 
9).  Lateva et al. (9) recorded CMAPs from the thenar muscle of the hand and showed that the 432 
CMAP began with a positivity instead of the usual negativity when recorded with an electrode 433 
over the tendon and referred to one just beyond the tendon.  Standing waves are known to be 434 
generated when a travelling source reaches a boundary or sudden change in resistance in the 435 
surrounding tissue, such as a tendon (7, 8).  However, it is unclear to what extent the 436 
proximity of the recording electrode to the muscle-tendon junction per se played a role in this 437 
inversion effect.  First, our measurements of the sternal SCM tendon suggested that the 438 
muscle-tendon junction is dispersed over a wide area of muscle.  The tendon appears to begin 439 
near the longitudinal midpoint of the muscle, toward the centre of the muscle belly, and 440 
gradually makes its way to the muscle surface, becoming thicker toward the insertion point.  441 
The overall tendon length was consistent with surgical reports, in which tendons of at least 8 442 
cm have been described (1, 11).  The muscle-tendon junction was therefore likely to be spread 443 
across a large area instead of a limited region.  This might mean that the surface potential 444 
inverted only once the recording electrode was positioned beyond the point where most 445 
muscle fibres had terminated, however, muscle fibres could be viewed along the entire length 446 
of the SCM, including below the clavicle.  Second, if the inverted response was generated by 447 
a travelling wave reaching the muscle-tendon junction, it would be expected to occur later 448 
than the wave generated at the motor point (17).  Instead, while the p13 became 449 
systematically delayed with increasing distance from the motor point, the latency of the 450 
inverted cVEMP was similar to that of the normal reflex recorded near the motor point.  The 451 
changes might therefore be explained by simple volume conduction effects, as suggested by 452 
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Wei et al. (20), whereby the recording electrode is located sufficiently far from an active 453 
source that it records the standing wave at the time it is generated (17).  It is possible that the 454 
tendon plays a role in this, as the point of reflex inversion was invariably below the start of 455 
the tendon, and was near the point at which the tendon became superficial.  The tendon is 456 
likely to be a high impedance tissue and, unlike muscle, is inexcitable.  The gradual loss of 457 
overlying muscle might potentially allow distant standing waves to dominate the recording 458 
(17).  The close proximity of recording and reference electrodes near the sternoclavicular 459 
junction would have been expected to reduce the impact of far-field effects on the recording, 460 
although it may be that the difference in impedance of the two recording sites was sufficient 461 
to reveal the standing wave.  462 
Our data are consistent with previous reports providing evidence that the cVEMP 463 
originates from a single motor point and spreads gradually along the muscle (3, 10).  464 
Colebatch (3) found that the p13 became later with increasing distance from the motor point, 465 
while changes to the n23 potential were not as marked, and our data support this.  The current 466 
single unit data was also consistent with this latency effect, but did not reach significance due 467 
to large variability in the timing of the inhibition.  Overall, the data suggest that the p13 468 
behaves as a travelling wave, produced by the inhibition as it begins at the motor point and 469 
moves along the muscle in both directions.  The n23 potential is more like a combination of 470 
phenomena, including a trailing dipole created following the propagating inhibition, a 471 
standing wave generated by the inhibition reaching the end of the muscle and a small rebound 472 
in firing following the inhibition (15).  The potential recorded at any point along the muscle 473 
will be a combination of these waveforms (8).  It is also possible that cVEMP electrodes pick 474 
up activity from nearby muscles.  In particular, when recording electrodes are placed too close 475 
to the mastoid insertion point of the SCM, activity from the post-auricular muscle (PAM) 476 
reflex could contribute to the inverted reflex, given its excitatory polarity (12).    477 
 478 
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Clinical considerations 479 
Our results show that the surface response can be ambiguous and may not always 480 
reliably indicate the polarity of the reflex in the underlying muscle, especially if the recording 481 
electrode is placed away from the motor point.  There is variability in the location of the 482 
motor point across subjects (3, 10), and we also found considerable differences in the point of 483 
reflex inversion.  In two subjects, the inversion point was only 3 cm away from the measured 484 
midpoint of the muscle.  Careful placement of the recording electrode near the middle of the 485 
muscle (or just above this point, near the motor point) is required to ensure the most accurate 486 
measurement of reflex polarity, amplitude and latency.  However, as the locations of the 487 
motor and inversion points in individual patients will not be known in clinical contexts, small 488 
errors in electrode placement with respect to the motor point are likely to be inevitable.  Of 489 
particular concern is the change in latency that occurs before the reflex inverts, as an apparent 490 
latency delay may be erroneously interpreted as significant without raising suspicion of an 491 
electrode placement effect.  Caution is therefore warranted in interpreting latency delays.   492 
Our results suggest that the typical medial clavicle or sternal reference electrode may 493 
not be completely indifferent, as recording electrodes placed near the sternoclavicular joint 494 
produced clear reflexes.  However, a reference over bone is preferable to one directly over 495 
muscle or tendon, as bone has higher impedance and is likely to be a better indifferent.  496 
Regardless, as the reflex polarity at these locations is opposite to that recorded over the 497 
muscle midpoint, use of the traditional montage will serve to enhance the cVEMP amplitude.  498 
In contrast, we showed that an indifferent reference at the wrist produced smaller reflexes, 499 
which would be less suitable for clinical use.  We therefore recommend continued use of the 500 
traditional belly-sternum/clavicle cVEMP montage. 501 
 502 
 503 
504 
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Figure Captions 594 
 595 
Figure 1. Effect of surface recording electrode position on the cVEMP in a single subject.  596 
Recordings from 7 different points along the muscle are shown: the midpoint (site 4, 597 
black trace), near the insertion point of the upper part of SCM with the mastoid (sites 598 
1-3) and near the insertion of the anterior arm with the sternum (sites 5-7).  The 599 
reference was placed on the upper sternum.  Electrode positions are given in % of total 600 
mastoid-sternum distance, which was 19 cm in this subject.  At the midpoint (site 4), a 601 
typical positive-negative waveform with p13-n23 latencies was seen.  With increasing 602 
distance from the midpoint the cVEMP became smaller and latencies prolonged (dark 603 
grey traces, sites 2, 3, 6 and 7).  As the electrodes approached the insertion point of the 604 
muscle the response inevitably inverted and had a negative-positive polarity (light 605 
grey traces, sites 1 and 7).  The initial peak latency of the inverted response was 606 
similar to the p13 latency.   607 
 608 
Figure 2. Summary of the changes in polarity, latency and amplitude of cVEMPs measured at 609 
different points along the SCM muscle.  Medians and interquartile ranges are shown 610 
for electrodes at the midpoint, at the last position with positive-negative polarity and 611 
near the insertion of the anterior SCM with the mastoid and sternum, where responses 612 
had inverted, negative-positive polarity.  Surface positivities (i.e. p13 responses) are 613 
indicated by an encircled plus (+) sign, while negativities (i.e. n1) are indicated by a 614 
minus (-) sign.  The responses changed size, latency and polarity as the electrode was 615 
moved along the muscle.  The largest and earliest responses were recorded at the 616 
middle of the muscle and always had positive-negative polarity.  As the recording 617 
electrode was moved toward the mastoid and sternal insertion points, cVEMPs 618 
appeared later and became smaller  The polarity of the cVEMP then reversed.  619 
Amplitudes of the inverted responses (-) were similar to the last recorded responses 620 
with regular polarity, while latencies matched those of the middle of the muscle. 621 
 622 
Figure 3. Effect of reference electrode placement on the cVEMP in a single subject.  623 
Reference position had no systematic effect on the polarity or latency of the reflex, but 624 
modulated the amplitude of the response.  Four different references were used to 625 
compare cVEMPs recorded from the upper, middle and lower parts of the muscle.  626 
Reference positions were sternum (standard position), contralateral wrist, contralateral 627 
earlobe (C. Ear) and ipsilateral earlobe (I. Ear). Responses in the middle had the usual 628 
positive-negative polarity, while those at the upper and lower positions near the 629 
insertion points had inverted negative-positive polarity.   630 
 631 
Figure 4. Effect of needle electrode location in a single subject.  Single motor units were 632 
recorded with concentric needle electrodes from the middle of the SCM muscle and at 633 
the upper and lower parts of the anterior component of the muscle, as close to the 634 
tendon as possible.  There was a significant decrease or gap in single motor unit 635 
activity at all sites following the stimulus: at a median of 12 ms in the middle of the 636 
SCM muscle and 15 ms near each of the tendons.  This suggests that the reflex is 637 
inhibitory in nature along the whole SCM muscle.  Surface responses were recorded 638 
from the same subject in a separate session from electrodes placed over similar 639 
locations and referred to the sternum.  The surface response had the typical positive-640 
negative (p13-n23) polarity when recorded near the middle of the muscle, but was 641 
inverted (with negative-positive polarity, but similar peak latency) when recorded at 642 
the upper and lower parts of the muscle.  Surface responses are unreliable indicators of 643 
reflex polarity when recorded away from the muscle midpoint.   644 
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 645 
Figure 5. Comparison of (A) electrically-evoked compound muscle action potentials 646 
(CMAPs) and (B) sound-evoked cVEMPs in a single subject.  This comparison 647 
demonstrated that the polarity inversion was not specific to vestibular reflexes in SCM 648 
muscle.  Part A shows the CMAP (black traces) recorded at two locations during 649 
stimulation over the motor point: 14 cm below the mastoid (i.e. 4 cm below the 650 
midpoint of the muscle and a short distance from the stimulating electrode to minimize 651 
stimulus artefact) and 18.5 cm: below the point of cVEMP reflex inversion.  Grey 652 
traces show the result of using less intense current below threshold, which produced 653 
no response and only stimulus artefact (beginning just before 0 ms when the artefact 654 
eliminator was switched on).  When recorded close to the muscle belly the CMAP had 655 
the expected negative-positive polarity, while close to the sternal insertion point the 656 
response was inverted and began with a positive peak.  Part B shows cVEMPs 657 
recorded in the same session using the air-conducted sound stimulus.  The response 658 
near the middle of the muscle had the typical positive-negative polarity and that 659 
recorded near the insertion of the muscle at the sternum showed the polarity reversal 660 
illustrated in prior figures.  Note the different amplitude scales in parts A and B.   661 
 662 
Figure 6. Ultrasonography of the right SCM muscle.  Ultrasound measurements were made to 663 
compare the position of the SCM muscle-tendon junction with the site of surface 664 
reflex inversion.  Part A shows a transverse view of the right SCM near the top of the 665 
sternal tendon.  The dotted lines show the area of SCM, while the arrows point to the 666 
position of the tendon.  The tendon began toward the centre of the muscle and became 667 
superficial (shown in Part B) as it was followed down toward the sternal insertion 668 
point.  Part C shows an idealised lateral view of tendon position within the muscle, 669 
along with data from the 5 subjects regarding the measured landmarks.  The cVEMP 670 
inversion point was below (in all subjects) the tendon origin and close to (2/5 subjects) 671 
or below (3/5 subjects) the point at which the tendon became superficial.  The letters A 672 
and B shown in Part C indicate the approximate levels at which the ultrasound images 673 
in Parts A and B were taken.   674 
 675 
 676 
 677 
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Table1. Effect of changing recording electrode position on cVEMP properties.  678 
 679 
Electrode position Inverted upper Last regular upper Middle Last regular lower Inverted lower 
Polarity n-p p-n p-n p-n n-p 
p13/n1 Lat* 12.0 (9.8-13.6) 16.2 (12.7-21.5) 12.7 (11.7-13.4)†† 17.7 (13.8-20.0) 12.5 (11.3-13.0) 
p13/n1 Amp† 22.0 (10.0-46.2) 30.6 (18.8-109.8) 45.8 (12.1-107.9) 30.8 (14.5-63.0) 21.3 (0-69.9)††† 
n23/p1 Lat 18.3 (17.1-20.8) 23.0 (18.6-29.4) 21.8 (17.4-28.0) 24.6 (22.9-27.5) 19.2 (16.1-20.4) 
n23/p1 Amp 36.1 (7.0-79.9) 28.9 (7.6-107.8) 56.8 (22.3-99.0) 27.5 (2.8-117.2) 30 (17.7-109.6) 
Amp (pp) 57.5 (17.0-126.1) 61.8 (23.9-217.6) 111.9 (43.0-167.3) 51.6 (19.4-180.03) 51 (20.6-179-5) 
Amp (ratio) 0.88 (0.47-1.86) 0.92 (0.29-1.55) 1.16 (0.34-1.96) 0.79 (0.24-1.44) 0.66 (0.32-1.64) 
Contraction 65.7 (39.7-102.9) 73.3 (42.5-140.5) 91.6 (59.0-161.2) 73.6 (47.0-134.4) 74.6 (42.8-109.3)
 680 
All values are median (range). * - Latency is given in ms, † - Amplitude is given in μV using absolute values. †† - plus an outlier of 18.6 ms. ††† - 681 
the 0 results was measured from a baseline-shifted response, not an absent response. 682 
 683 
 684 
 685 
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Table 2. Effect of changing reference electrode position on cVEMP properties. 686 
 687 
Inverted upper electrode (n1-p1) 
Electrode 
position Sternum Contra wrist Contra earlobe Ipsi earlobe 
p13/n1 Lat* 12.0 (9.8-13.6) 12.6 (11.0-13.7) 12.9 (11.8-14.6) 12.8 (11.7-14.2) 
p13/n1 Amp† 22.0 (10.0-46.2) 24.3 (8.4-40.2) 26.9 (11.6-68.7) 14.0 (4.5-50.4) 
n23/p1 Lat 18.3 (17.1-20.8) 19.4 (17.1-22.7) 18.9 (17.5-22.2) 18.8 (17.6-21.4) 
n23/p1 Amp 36.1 (7.0-79.9) 21.4 (13.9-71.4) 50.4 (13.7-84.1) 24.0 (13.7-77.1) 
Amp (pp) 57.5 (17.0-126.1) 46.2 (28.0-46.2) 70.0 (25.3-141.2) 38.6 (21.3-127.5) 
Amp (ratio) 0.88 (0.47-1.86) 0.74 (0.55-1.25) 1.28 (0.63-2.08) 0.77 (0.41-2.07) 
Contraction 65.7 (39.7-102.9) 67.9 (39.3-137.9) 62.2 (40.2-105.2) 54.3 (23.9-108.6) 
Middle electrode (p13-n23) 
Electrode 
position Sternum Contra wrist Contra earlobe Ipsi earlobe 
p13/n1 Lat* 12.7 (11.7-13.4)†† 13.0 (11.5-17.9) 12.5 (10.6-17.7) 12.5 (11.9-18.9) 
p13/n1 Amp† 45.8 (12.1-107.9) 28.9 (12.3-60.2) 61.3 (15.9-168.1) 35.2 (5.4-93.9) 
n23/p1 Lat 21.8 (17.4-28.0) 22.3 (17.5-29.2) 22.3 (17.9-29.3) 23.1 (17.2-26.2) 
n23/p1 Amp 56.8 (22.3-99.0) 47.8 (9.3-79.9) 66.3 (30.8-94.6) 37.1 (12.6-99.6) 
Amp (pp) 111.9 (43.0-167.3) 76.5 ( 27.7-140.1) 124.4 (46.7-262.7) 84.7 (21.3-193.6) 
Amp (ratio) 1.16 (0.34-1.96) 0.77 (0.24-1.34) 1.30 (0.44-2.1) 0.77 (0.18-1.85) 
Contraction 91.6 (59.0-161.2) 88.5 (65.9-169.9) 85.2 (48.1-218.7) 85.5 (29.6-228.6) 
Inverted lower electrode (n1-p1) 
Electrode 
position Sternum Contra wrist Contra earlobe Ipsi earlobe 
p13/n1 Lat* 12.5 (11.3-13.0) 12.2 (11.3-13.3) 13.6 (10.2-15.2) 12.6 (9.7-14.1) 
p13/n1 Amp† 21.3 (0-69.9) 25.2 (9.35-40.4) 24.7 (10.2-55.0) 16.6 (3.7-42.0) 
n23/p1 Lat 19.2 (16.1-20.4) 20.0 (17.8-29.0) 20.1 (14.1-22.7) 19.5 (16.7-21.2) 
n23/p1 Amp 30.0 (17.7-109.6) 25.2 (12.8-49.0) 26.9 (7.5-109.3) 29.8 (14.6-51.4) 
Amp (pp) 51 (20.6-179-5) 50.1 (24.5-89.4) 51.1 (24.9-163.9) 45.0 (20.5-93.4) 
Amp (ratio) 0.66 (0.32-1.64) 0.63 (0.43-1.16) 0.85 (0.37-1.51) 0.63 (0.28-1.37) 
Contraction 74.6 (42.8-109.3) 76.8 (36.8-106.2) 70.9 (36.7-162.9) 69.4 (36.6-119.7) 
 688 
All values are median (range). * - Latency is given in ms, † - Amplitude is given in μV using 689 
absolute values. †† - plus an outlier of 18.6 ms. 690 
 691 
 692 
 693 
694 
26 
 
Table 3. Properties of single motor unit responses recorded at three sites along the SCM 695 
muscle. 696 
 697 
 Upper SCM Middle SCM Lower SCM 
Latency Median* 15 (9-27) 12 (9-21) 15 (10-25) 
Amplitude Median† 0.13 (0.00-0.33) 0.00 (0.00-0.45) 0.00 (0.00-0.36) 
N Response 21 23 17 
 698 
 699 
All values are median (range). * - Latency was measured in 1 ms histogram bins. † - 700 
Amplitude is given as a proportion of the median baseline spike count. 701 
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